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Abstract
The gravity is classically formulated as the geometric curvature of the space-time in general relativity
which is completely different from the other well-known physical forces. Since seeking a quantum framework
for the gravity is a great challenge in physics. Here we present an alternative construction of quantum
gravity in which the quantum gravitational degrees of freedom are described by the non-Abelian gauge fields
characterizing topological non-triviality of the space-time. The quantum dynamics of the space-time thus
corresponds to the superposition of the distinct topological states. Its unitary time evolution is described
by the path integral approach. This result will also be suggested to solve some major problems in physics
of the black holes.
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Developing of a consistent quantum theory of the gravity at very small distances or high energy
scales, near the Planck scale lP ≈ 10
−35 m, has been interested by many physicists in which the
gravity is strongly played by the rules of the quantum mechanics. In fact, a theory of the gravity is
to study the space-time. Since well understanding of the quantum gravity allows us to deal with the
behavior of the space-time at very small distances. The main motivations for seeking this are just
purely theoretical because of the fact that there have not had immediately experimental observations
for the quantum gravitational effects so far. However, some indirect experimental constraints for
Planck-length quantum properties of the space-time have been exploited with a growing number of
studies [1–9] (see also Ref. [10] and references therein). The classical gravity has failed in explaining
some the important questions in the black holes and the Big Bang. The present of singularities, i.e.
breakdowns of the predictability of the physical equations, in which the curvature of the space-time
and energy densities become infinite, is unavoidable under general conditions [11]. The ultraviolet
divergences arise as attempting treatment of general relativity as the quantum field theory leading
to the perturbative non-renormalization. Some other important open issues can also be found in
[12]. These have suggested that the gravity description of general relativity is incomplete since a
more comprehensive theory is needed. Constructing such a theory definitely needs to a complete
picture of the quantum cosmology which allows us to know that what happens in the beginning
moments of the universe.
There have been many different approaches to quantize the gravitation interaction. The well-
known main ones consist of quantum general relativity which is the application of the quantization
rules to general relativity [13], or string theory. However, a full quantum theory of gravity seems
quite clear to have not yet been available. Thus the problem of quantum gravity remains one of
the most important tasks of high energy physics which would be expected to come the next a few
decades.
At present, the immediate search for the quantum gravity effects are quite distant to hope due
to the fact that the Planck scale is about 1014 times larger than working energy of near future
accelerators. It thus makes the major obstacle in constructing quantum gravity. However, it is
interesting in the higher-dimensional universe that the quantum gravitational effects become very
relevant at a energy scale which could be much lower than the traditional value l−1P . It is thus
potentially within reach of the future accelerators. The possibility of lowering the fundamental
Planck scale of the order of the electroweak scale was first proposed by Arkani-Hamed, Dimopoulos
and Dvali [14–16]. For earlier ideas the readers can see Ref. [17].
As well known, most of the fundamental interactions in Nature based on the gauge theory
have been constructed to be physically sensible due to that they lead to the consistent quantum
description. The gauge theories are in principle applicable up to arbitrarily high energy scales.
Thus, it would be natural to seek a gauge theory structure for the gravitational interaction in which
the general relativity is derived as the low energy limit. In Ref. [18], the gravity can be interpreted
as a gauge theory by gauging the Poincare´ group of the tangent space of the space-time. It is
important to see that this formulation is precisely dependent of the background metric structure
of the space-time where the Riemann curvature tensor can be understood as the field strength of
the corresponding gauge fields. This tells the equivalence between the Poincare´ gauge theory of the
gravity and Einstein gravity plus the non-vanishing of torsion. The gauge theory formulation of
the gravity which will be given in later is not followed in the gauge theory of (pseudo-)Riemannian
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manifolds.
In this paper, we provide a quantum description of the gravity based on the braneless higher-
dimensional space-time framework in the natural units ~ = c = 1. The path integral techniques of
the quantum gauge theories will be used to quantize the gravity. In the following, we would like to
briefly remind the space-time of interestingly geometric structure which was suggested in our recent
work [19] where the analysis is provided in more much detail.
It was considered as aD-dimensional manifold BD always foliated by disjoint (D−4)- dimensional
submanifolds of which are smoothly equivalent to a Lie group G, either SU(N) or SO(N) group,
but are not in general G themselves, called the internal spaces [20]. On the other hand, there is an
attached smooth copy of G on each point of an another 4-dimensional pseudo-Riemannian manifold
with the Lorentz metric adopted the metric signature (+,−,−,−). Thus, the space-time should be
naturally described in term of the corresponding principal bundle. In order to develop physically
interesting results, we need to define the coordinates for each point on BD which are in general
given by
XM = xµ, M = 0, 1, 2, 3,
XM =
θa
Λ
, M = 4, ..., D − 1, (1)
only on any local neighbourhood of BD. The 4-dimensional external indices are labeled by µ, ν, ... =
0, 1, 2, 3, and the (D − 4)-dimensional internal indices are associated with a, b, ... running from 1
to D − 4. A dimensionless set {θa} parameterizes every element of the Lie group G through the
exponential map as, g = exp{iθaTa}, where Ta, with a = 1, ..., D − 4, are the generators of the
Lie algebra of the Lie group G. It is very important that each internal space is obviously of the
dimensionless manifold since an energy scale Λ occurs to characterize physically on it. One should
not confuse this scale with the inverse radii of the compact internal spaces which is in fact determined
only if their metric is endowed. The local coordinate transformation is as a result of the non-empty
overlap of any two local neighbourhoods leading to the new symmetry principles for the space-time
read
x′µ = Λ(x)µνx
ν , eiθ
′aTa = h(x)eiθ
aTa , (2)
where Λ(x) and h(x) = exp{iαa(x)Ta} are elements of the linear transformation group GL(4,R)
and the Lie group G, respectively.
An interestingly main result of our proposed space-time is that the internal spaces are split up
in the independent way to the 4-dimensional external submanifolds of BD which are transversal to
the internal spaces and identified as the usual observed 4-dimensional world in topologically non-
trivial structure of the space-time. The directions along the internal spaces are fully determined
by the well-defined local frames {Λ∂a ≡ ∂ˆa} that are for the whole tangent space of the internal
spaces. The directions along the 4-dimensional external spaces are impossible to define because of
depending on the non-triviality of the principal bundle BD. However, it was argued that there exist
the non-Abelian gauge fields Aµ(x) = A
a
µ(x)Ta living on B
D to give a principled way of how to move
from an internal space to another. According to these fields, the local frames {∂ˆµ ≡ ∂µ − giA
a
µ∂a},
with gi being the dimensionless gauge coupling constant, well span the whole tangent space of
the 4-dimensional external spaces. Since any particle propagating along the 4-dimensional external
directions will be coupled to Aaµ. It is interesting that the corresponding gauge charges are generated
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dynamically through its dynamics in the internal spaces. This shows universal nature of gravity
which interacts with all forms of energy presenting in the space-time as well as gives a new insight
into physics associated with extra dimensions. Under the transformation (2), the gauge fields
transform as
A′µ(x
′) =
∂xν
∂x′µ
[
h(x)Aν(x)h(x)
−1 +
1
igi
h(x)∂νh(x)
−1
]
, (3)
which is to combine of both the 4-dimensional external coordinate and the usual gauge transforma-
tions.
The fundamental variables allowing us to study the dynamics of the gravity are given in terms
of the gauge fields Aaµ and the background fields, gµν and γij (i, j = 1, ..., D − 4), which define
the infinitesimal line elements on the 4-dimensional external and internal spaces, respectively [21].
The present of these metric fields points that the principal bundle BD come with the additional
pseudo-Riemannian structure. All them are unified in the non-trivial geometrical framework of the
space-time. Note that γij is positive definition and completely independent of gµν . As shown in [19],
the internal metric γij consists of the globally dynamic degrees of freedom. This led to considerable
simplification as
γij = e
φiδij, (4)
where φD−4 = 0. In this way, φi (i = 1, ..., D− 5) play the role of the modulus fields. Furthermore,
it was argued that the modulus fields are all independent of the internal coordinates to guarantee
the metric on each internal space to be invariant under the action of G. The classically pure gravity
action is taken the form
Sgra =
∫
BD
d4xdD−4θ
√
|G|
[
−
(
M∗
Λ
)D−4 F aµνF µνa
4
+M
2
(R − V (φi))
]
. (5)
The fundamental Planck scale M∗ determines the working energy of the quantum gravity, and
M
2
= MD−2
∗
/ΛD−4. G is referred to the determinant of the higher-dimensional metric. F aµν is
the usual Yang-Mills field strength tensor of Aaµ which in this structure measure the non-triviality
of the principal bundle space-time BD, or its topological characters. R is the scalar curvature of
the space-time defined to correspond with of the Levi-Civita connection. It defines the geometric
curvature of the space-time where its topology has been fixed by the Yang-Mills curvature F aµν . This
term includes the conventional 4-dimensional Einstein-Hilbert term and the internal dynamics for
gµν , the dynamical term of the modulus fields and the coupling between them to the gauge fields A
a
µ.
V (φi) is an extension of φi-dependence of bulk cosmological constant which generate the potential of
the modulus fields. However, this potential would obtain other contributions coming from the bulk
determinant and the scalar curvature R to provide a full potential of the moduli stabilization. It is
emerged as one of the crucial natures of the space-time BD. Thus, the physical size of the internal
spaces is completely fixed, and the excitations of the modulus fields are thus massive. The readers
can see the explicit form of the last two terms in action above in [19]. The factor (M∗/Λ)
D−4
can be absorbed by normalizing the gauge fields Aaµ in which the new gauge coupling constant,
gi (Λ/M∗)
D−4
2 , to remain dimensionless. This shows that the coupling between Aaµ and other fields
depends not only of the usual gauge coupling constant gi, but of the characteristic energy scale Λ
of the internal spaces, the fundamental Planck scale M∗ and the extra dimensions as well. It is
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obviously as a result of the fact that these gauge fields connect the external and internal spaces in
the unified form of the space-time.
Let us now treat of the quantum mechanics of the space-time by the path integral quantization
which is the manifestly covariant formulation. This is expressed by vacuum-to-vacuum amplitude
of transition from an initial (D − 1)-space state ti → −∞ to a final (D − 1)-space state tf → +∞
fixed all that will be evaluated in terms of sums over all possible gravitational field configurations
connecting these two states weighted by an appropriative action. However, in order to well obtain
a path integral description of the gravity, we should first know what is the precise meaning of
this transition amplitude. This is only achieved if all possible field configurations for the quantum
gravity are defined. In our present work, we assume that these are given to correspond with the
distinct topological configurations of the space-time. This means that the sum over the paths is
taken on the configuration space of all space-times without distinguishing smooth structure, or
background metric, equipped on it. In this way, the configurations are classifiable with respect
to the proposed space-time through all possible configurations of the gauge fields Aaµ unrelated by
the gauge transformations (3). This is dealt with by the choice of an appropriative gauge fixing
term added to the original gravitational Lagrangian to pick out an unique element from each gauge
equivalence class. The structure of the space-time at small distances thus is a quantum-mechanical
superposition of the distinct topological states dynamically generated from the fundamental degrees
of freedom Aaµ playing the role of quanta with respect to the space-time. It is also important that the
macroscopic background structure of the space-time is fixed by the classically geometric dynamical
variables of the external metric gµν and the modulus fields φi. Note that, these classical fields given
in the present framework are to correspond with the fundamental degrees of freedom rather than the
effective ones as occurring in the gauge theory constructions for the gravitational interaction [22].
Therefore, the quantum fields of the gravity are given by the non-Abelian gauge fields Aaµ leading
to the path integral variables whereas both gµν and φi are realized as the c-number quantities or
the classical fields under consideration.
The true dynamical information of the quantum gravity is contained in the vacuum-to-vacuum
transition amplitude that is taken the form in the presence of sources as
〈0|0〉J,η¯,η = Z[J, η¯, η] = N
∫
DAµDc¯Dce
iS
(J,η¯,η)
tot . (6)
The factor N is a normalization constant so that 〈0|0〉 = 1 in which all sources are absent. The
Grassmann fields c and c¯ are known as the ghost and anti-ghost fields, respectively, which are
both to depend of the only 4-dimensional external coordinates. The total gravity action S
(J,η¯,η)
tot is
obtained by adding to the original gravitational action a gauge fixing action and a Faddeev-Popov
ghost action as well as sources read
S
(J,η¯,η)
tot = Sgra +
(
M∗
Λ
)D−4 ∫
BD
d4xdD−4θ
√
|G|
[
−
1
2ξ
(∇µAaµ)
2 − c¯a∇µ(Dµc)
a + JµAµ + η¯c + c¯η
]
,
(7)
where ξ represents an arbitrary gauge fixing parameter, and
∇µXaµ = g
µν(∂µX
a
ν − Γ
ρ
µνX
a
ρ ), (8)
(Dµc)
a = ∂µc
a − gif
a
bcA
b
µc
c, (9)
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here Xaµ is referred to A
a
µ and (Dµc)
a, and Γρµν are the 4-dimensional external coefficients of the Levi-
Civita connection. The gauge fixing breaks the usual gauge invariance but remain the 4-dimensional
external covariance. The Faddeev-Popov ghost appear to subtract out the unphysical degrees of
freedom coming from the gauge fields Aaµ. J
µ is interpreted as a source coupled to the gauge fields
Aaµ while η and η¯ are the Grassmannian sources for c and c¯, respectively. As mentioned above,
the background metric described by the classical fields since the quantum-mechanical transition
amplitude above has not been integrated over all geometries of the space-time.
The generating functional Z[J, η¯, η] encodes everything about the quantum dynamics since eval-
uating it will allow to derive results of the quantum gravity phenomenology without the conceptual
difficulties. In particular, it is straightforward to include non-gravitational quantum fields. On the
other hand, the quantization of the gravity by (6) provides a better quantitative understanding of
quantum gravity to elucidate the topological dynamic nature of the quantum space-time. In the
weak coupling low energy region, Z[J, η¯, η] can be computed by using the perturbation expansion in
classical 4D-Minkowski background which leads to the Feynman diagrams of scattering amplitude
containing the gravitational quantum fields Aaµ. Within this case, the ultraviolet behavior of the
quantum gravity arising from the high momenta contributions in the loop corrections will be well
defined by the renormalization of gauge theories. On the other hand, this quantization will be devoid
of the ultraviolet infinity problem of quantum gravity making the physically relevant predictions at
low energies. More importantly, the non-perturbative effects of the quantum gravity expected by
reasons play significantly important roles at the extremely small distances or the extremely high
energy scales. Since investigations of the strongly coupled regime of quantum gravity requires the
use of non-perturbative methods to define a regularized form of the above generating functional.
Therefore, within the present framework the quantum gravity is in principle well behaved at any
energy scale.
It is important to note here that the proper description of the space-time is dealt with the
consistent hybrid dynamics: the quantum one is for describing the very small-scale structure of
the space-time and the classical one is for doing the large-scale behaviour of the space-time. It
is interesting in obtaining these that are performed via the fundamentally dynamical variables.
We have already seen that the quantum properties of the space-time is full given by the quantum
generating functional above. The classical properties of the space-time can completely defined by
the equations of motion for the fields corresponding with the integral in (6) to be invariant under
the slight translation shift of the fields
δφ〈0|0〉 = iN
∫
DAµDc¯DcδφSe
iS = i〈0|δφS|0〉Z ≡ i〈δφS〉Z, (10)
where φ stands for the above given gravitational fields. This is well known as the Schwinger’s
action principle. The corresponding equations of motion for the external metric field gµν and the
mass-dimensional normalized modulus fields φ˜i =Mφi can be written in the form
Gµν + ... = M
−2
[
Tµν(φ˜i) + 〈Tµν(A
a
µ, c¯
a, ca)〉+ 〈Tµν(J
µ, η¯, η)〉
]
, (11)√
|G|
−1
∂ˆµ(
√
|G|∂ˆµφ˜i) = Ji(gµν , φ˜i) + 〈Ji(A
a
µ, c¯
a, ca)〉+ 〈Ji(J
µ, η¯, η)〉, (12)
where Gµν is Einstein tensor expressed in term of the metric gµν . The terms of the right-hand side
of Eq. (11) and (12) are realized as the sources where the metric gµν and the modulus fields φ˜i are
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both sourced by the quantum nature fields through their vacuum expectation value (VEV). It is well
to understand that these can be expressed via basic macroscopic parameters, such as total mass-
energy, electric charge or angular momentum, of source. The ellipsis contains terms determining
the dynamics of gµν in the internal spaces which would be not interesting to explicitly write here.
These field equations whose two hand sides are equated by c-number quantities determines the
macroscopic geometry of the space-time. In other words, the curvature and geometry of the space-
time is defined in which its classically induced topology is replicated via the quantum averaging on
all quantum topological excitations as
〈DµF
µνa〉 = −〈Jνa〉+ (other sources). (13)
As we have already seen that the quantum and classical gravitational effects are independent but
influenced together. The microscopic properties of the space-time act on its large-scale structure via
the reaction terms appearing in the above classical field equations in which the induced classical field
description is produced by the collective retroaction of a very large number of quantum fields excited.
The macroscopic properties acting on its small-scale structure are expressed via their presence in
the vacuum-to-vacuum amplitude. However, we would emphasize that the Eq. (11) and (12) are not
thought as those in the semiclassical approximation which was originally suggested by Møller [23]
and Rosenfeld [24] in which they describe the coupling between the classical gravitational system
with a quantum system. It argued that this coupling type leads to inconsistencies in particular in
the form the quantum decoherence with an irreversible environment. The present construction is
to be distinguished from such type because of that the relation between the quantum and classical
effects is established without creating contradictions in the unified manner of the same object of the
space-time. On the other hand, the classical gravitational fields can not in principle be used to make
a measurement on state of the quantum fields leading to the quantum wave function collapse. Since
the present theoretical framework is able to provide a sensible way to unify quantum mechanics
and general relativity, which have played the major roles in their own arenas, that both are of the
nature of the space-time.
We would like to emphasize that the quantization of the gravity proposed in the present frame-
work can overcome some difficulties appearing in attempt to quantize the background metric field.
The background metric is described by the classical physical fields meaning that it has a defined
value since the causal structure of the space-time is completely well-defined. This becomes ill-defined
when the metric is treated as the quantum fields leading to an undefined value. An interestingly
particular aspect of the dynamics of the quantum matter on the quantum space-time is that it
propagates in a superposition of the distinct topological quantum states expressed in coupling to
Aaµ whereas that on the classical background of the space-time must follow a superposition of either
timelike or null world-lines. These result in a interestingly physical consequence that time evolu-
tion with an initial and a final states fixed is forbidden by the classical causal structure, but is
still possible to be allowed in the quantum sense. For example, such evolution occurs in the black
hole as we will discuss in later. The study of background metric quantization in a full manner is
just very difficult due to the the kinetic term of the metric field has no quadric form. Thus, the
metric would be usually expanded around a fixed background, such as the Minkowski-flat metric,
in which the small oscillation about this is realized as the quantum field, known as the covariant
perturbation method. However, the main difficulty arising in this framework is that the quantum
gravity is not perturbatively renormalizable. With the macroscopical metric, the present work can
7
allow to understand why we observe a classical universe as a whole from a quantum universe at the
very early moments.
It can be checked that the total gravitational Lagrangian density is invariant under global
fermionic transformations known as the BRST ones (the above gauge fixing term should be replaced
by another one including auxiliary fields which differs by a total divergence) in which δgµν = 0 and
δφ˜i = 0 under these transformations. In addition to these, the total gravitational Lagrangian den-
sity is also invariant under global bosonic transformations known as the ghost scaling symmetry
given by
δca = ǫca, δc¯a = −ǫc¯a, (14)
where ǫ is a commuting infinitesimal constant while the others are both inert under these. The
No¨ether charges corresponding to these two types of symmetry denoted by QBRST and Qc are
conserved. Hence they can be used to define the Hilbert space for the physical states of the quantum
space-time annihilated by them in the canonical operator quantization as
QBRST |Ψphys〉 = 0, Qc|Ψphys〉 = 0. (15)
These conditions imply that the physical states should have the zero ghost number which is sum
of the number of the ghost and anti-ghost particles. It is precisely due to that the ghost and anti-
ghost fields are unphysical fields. In this case, under the unitary time evolution these states obey
the time-dependent Schro¨dinger equation rather than Wheeler-DeWitt equation in which the time
parameter is related to a foliation of the space-time by the ADM approach [25].
We extract now a special remark about the path integral quantization given in above in which the
quantum gravity theory has an underlying topological symmetry. We have seen that each path in the
generating functional of the gravity above obviously consists of much topologically equivalent space-
times but may be different smoothly. Since there exist the underlying topological transformations
{δts} acting the quantum fields of gravity which preserve the field configurations of the quantum
gravity leading to remain the generating functional (6). These symmetry ones are the symmetry of
the total action of gravity sastifying δtsS
(J,η¯,η)
tot = 0. This implies that the gravity quantization holds
the existence of a set of operators Oα in the theory which are in general arbitrary functions of the
gauge fields Aaµ, the ghost fields c
a and the anti-ghost ones c¯a such that their correlation functions
do not depend on the background metric. Then the following relations are satisfied
δ
δgµν
〈O1...On〉 = 0,
δ
δφi
〈O1...On〉 = 0 (16)
with i = 1, ..., D − 5. These operators are thus called topological observables. It is important to
note that the symmetry δts is that of the quantum theory since it is not anomalous. Therefore, one
can say that the quantum field theory of gravity may be topological, and thus predict the existence
of the new quantum topological observables.
In our discussion so far, we have studied the quantization of the gravity in which the gauge fields
Aaµ are massless. This means that the quantum effects should have been detected by experiments
which is clearly not consistent with the observed fact. The gauge symmetry group G has thus to
be broken spontaneously by non-zero VEV of a scalar field Φ that rotates under the transformation
(2) as
Φ(x, θ)→ Φ′(x′, θ′) = UΦ(x, θ), (17)
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where, U = D[h(x)], is a matrix corresponding to a representation of an element h(x) ∈ G given
in (2). A detail study to such field is given in [19]. Consequently, the gauge fields Aaµ get the
masses from VEV of this scalar field Φ to become massive. This leads to the quantum effects of
the space-time only play the important roles at the small distances or the high energies. In the
presence of spontaneous symmetry breaking, the quantization of the gravity should be performed
in the Higgs phase in which the gauge fixing term must be changed as, (∇µAaµ − ξMΦ)
2/2ξ, with
M being mass matrix of Aaµ, which also induces modified ghost term. At low energy region or large
distance, the gauge fields and the modulus fields are heavy which is why they have not been seen
experimentally while the external metric field are only remnant of the full description reducing to
general relativity. An effective dynamics of the background metric fields below the compactification
scale in the weak field approximation is given in Ref. [19].
We now have the space-time particularly respecting the principles of quantum mechanics that
can allow us for studying physics of the black holes in a detailed quantitative picture [26] (as well
as in quantum cosmology). In extremely strong field and high matter density near the black holes,
quantum effects of the gauge fields Aaµ are strongly enough to break the classical smooth structure
of the space-time at small distances. This means that the quantum effects of gravity will change
the classical dynamics, or more precisely the quantum matter dynamics on the classical curved
space-time, by the quantum dynamics in which the fields propagate in the superposition of the
quantum states of the space-time. In this way, the quantum dynamics of the black holes in the
time corresponding to the formation and evaporation of black holes is expressed by the generating
functional (6) in which the initial and final states are assumed to take the limit tf − ti →∞ while
intermediate states are shown by sources of the gravitational fields. Thus the time evolution of
this quantum mechanical system is a unitary process. It will be convenient if we are interested in
the Euclidean approach performed by a Wick rotation leading to the path integral representation
of the partition function with respect to an statistical ensemble. Since the statistical behavior of
the quantum black holes can be appropriately investigated via a grand canonical ensemble at finite
temperature [27] in which a chemical potential term will be included. An entropy of black hole
corresponding to the fundamental degrees of freedom underlying the quantum gravity provides a
microscopic explanation for the entropy of the black hole, well-known as the Bekenstein-Hawking
entropy due to emit thermally the Hawking radiation. However, it should be noted that this
radiation arises as the result of the application of quantum mechanics to electromagnetic fields on a
classical curved background space-time near a black hole where the quantum properties of gravity
are not investigated. Thus, there will have extra energy fluxes beyond that predicted by Hawking’
semiclassical approximation calculation. On the other hand, black hole entropy followed on this
framework will be different to the Bekenstein-Hawking entropy due to quantum corrections coming
from the space-time. It is of interesting to this framework that the existence of the event horizon
of the black hole arise from thermodynamic averaging corresponding to the macroscopic geometry
of the space-time. This means that the quantum space-time do not have the event horizons. In the
quantum picture of the space-time the fields must not follow the timelike and null paths in classical
viewpoint in which they would go to a future singularity “point” [28] if they are inside the event
horizons. Since our work ensure that the information about the quantum state of infalling matter
is not destroyed by classical singularity of the black holes. This means that the quantum gravity
effects prevent the information loss, breaking of quantum correlation (or entanglement) as well as
the energy density blowing up to infinity at a place of the space-time to form the classical curvature
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singularity.
We note here that the indirect manifestations of the space-time quantization may be involved
exchanges of virtual gauge fields Aaµ of high energies. For example, quantum gravitational corrections
ar possible to occur in the scattering process e+e− → e+e−, or contribute to muon g − 2 induced
all by Aaµ. Besides, some constraints on quantum gravity effects can be performed through the
astrophysical bounds and cosmology, such as from modified dispersion relations of electromagnetic
radiation coming from far-away objects by microstructure of the space-time. Therefore, the quantum
gravity phenomenology of of this scenario at low energy is just very rich.
In summary, we have shown that the quantum nature of the gravitational field or the space-time
is well understood through the quantum dynamics of the non-Abelian gauge fields by the path
integral method. Its classical nature is describe by the background metric formulated in general
relativity. The quantization following this theoretical framework requires the existence of the extra
dimensions forming the internal spaces of the space-time. These gauge fields provide a way to
distinguish the topological properties of the space-time through their Yang-Mill curvature tensor.
This allows us to make the quantization of gravity in a quantum-mechanical superposition of the
distinct topological states.
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